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a b s t r a c t
We show in this paper by using a two-scale transition model that the elastic anisotropy of a thin film specimen can be tuned by appropriate stacking design. The anisotropic behaviour is illustrated for two monophase thin films, namely W which is perfectly elastically isotropic and Au which is strongly elastically anisotropic, and for a nanometric W/Au multilayers. The experimental measurements show that the model capture the elastic anisotropy rather well even for a nanometric multilayer stacking (period of 12 nm) and that the elastic anisotropy of W/Au multilayer is more pronounced than the ones of the two components for a fraction of 50%. This enhanced anisotropy is discussed in view of the multilayer microstructure.
Introduction
Crystals exhibit elastic anisotropy of varying degree. This local or intrinsic elastic anisotropy induces a macroscopic anisotropy in case of polycrystalline textured materials. These effects are very important for thin films or coatings. Indeed the deposition techniques, namely the physical vaport deposition (PVD), chemical vapour deposition (CVD) or electrodeposition, often lead to highly textured polycrystalline films [1] . These variations in crystallographic orientation associated to local crystalline elastic anisotropy have a pronounced effect on the overall mechanical response of thin films. Hence they have to be known and control because of their implications on the reliable operation of micro-electronic and micro-electromechanical systems. Due to the constraints of the applicabilities, thin films or coatings exhibit different structural configurations, i.e. mono-layers, multilayers with two or more components, and the sizes of structures decrease down to a few nanometers. Thus, in light of ongoing efforts to reduce characteristic feature sizes in such systems, it is imperative to study mechanical properties of materials at very small scale at very small scales [2e9]. At small dimensions, interfaces and singular structures are intrinsic to thin films, and mechanical modelling can be quite complex. In structural mechanics, the configurations of thin films or coatings are identified as plates or shells; but the composite structure and the specific behaviour of polycrystalline material composed of grain of a few nanometer should be also taken into account for describing mechanical behaviour of thin films and multilayers. Materials are often assumed to behave uniformly, exhibiting equal strength in all directions, because most of them have a polycrystalline structure. However, the anisotropy of the individual crystals is smoothed out only in the presence of a large number of grains having a random distribution of orientations. Actually, a macroscopic anisotropy usually remains due to the existence of preferred orientations. Its magnitude depends upon the statistical distribution of grain orientations, i.e. the "crystallographic texture" more simply called the texture. This governs the extremes that a single-crystal of the material under consideration can exhibit during directional tests. Strong fiber textures are usually obtained in Physical Vapor Deposition (PVD) and have been shown to be macroscopically elastically anisotropic [10, 11] . To describe the effective elastic behaviour of such polycrystalline films, it is convenient to apply elastic grain interaction models in order to describe stress and strain distribution in polycrystalline thin films. The elastic grain interaction models commonly used are Reuss [12] , Voigt [13] , Neerfeld-Hill [14, 15] , and Self-Consistent model [16, 17] . The Reuss and Voigt models involve extreme grain-interaction assumptions: either the strain tensor (Voigt) or the stress tensor (Reuss) is assumed to be equal for all crystallites. Furthermore, Neerfeld and Hill found on an empirical basis that the arithmetic averages of elastic constants calculated according to the models of Voigt and Reuss are generally in good agreement with experimental data [18] . The Self-Consistent model is the most representative model of elasticegrain interaction in polycrystals, but is mathematically more complex. Moreover, considering a multilayer, the effective elastic constants of the whole material will depend on the properties and on the volume fractions of each kind of layers [7] . The resulting global symmetry of a multilayer composed of fiber-textured sub-layers is hexagonal-like with 5 independent effective stiffnesses. Usually, elastic anisotropy is analysed in terms of Zener anisotropy index [19] that applies only for cubic symmetry. The cases of lower symmetry (orthorhombic, tetragonal, hexagonal) are the subject of ongoing researches [20e24] . Recently, a general approach has been proposed [22] and applied successfully for a hexagonal ternary system [24] . The aim of the present paper is to study the elastic anisotropy in fiber-textured thin films (W and Au films, W/Au multilayer film), whose effective symmetry is hexagonal. Especially, the effect of the multilayer stacking structure on global elastic anisotropy is investigated. The choice of tungsten and gold as model systems is motivated by the relative anisotropy of those cubic materials, i.e. perfect isotropy for W and strong anisotropy for Au and by the fact that those elements are immiscible at equilibrium. After reminding the multiscale modelling of effective elastic behaviour of such structures, a confrontation with acoustic measurements (Brillouin light scattering (BLS), picosecond ultrasonics (PU)) is made. The results show that a macroscopic two-scale transition model may be used to estimate the elastic anisotropy of nanometric multilayers and that the stacking design of a multilayer can induce a more pronounced anisotropy than the ones of each components.
Effective elastic properties of a perfect polycrystalline multilayer
This section reviews mechanical analysis of a perfect multilayer. The microstructure of the studied specimens can be described at different scales. At the larger scale, the specimen consists of different metallic polycrystalline layers that are formed themselves by nanometre sized grains (Fig. 1) .
First, one has to evaluate the distribution of the applied strains and stresses in the metallic layers. This is a rather simple problem as long as each metallic layer can be replaced by a homogenous elastic layer of similar properties to the actual polycrystalline layer. Then, within each metallic layer, the strain/stress is concentrated heterogeneously in grains, or in particular regions within grains, depending on numerous factors including the local lattice orientation. The elastic behaviour can be written at each scale:
(i) grain scale:
(ii) layer scale: (iii) multilayer scale:
with C being the elastic stiffness tensor in the grains of the metallic layers; e C and e e C the effective stiffness tensors of each layer and of the specimen, respectively.
Elastic behaviour of individual layers
Polycrystalline metallic layers are made of a collection of grains exhibiting anisotropic properties and different crystallographic orientations. That is, these grains react differently to the applied stress s ij . This gives rise to the building of complex mechanical interactions which have a large influence on the overall polycrystalline behaviour and on the associated distributions of stress and strain in the different grains. An important feature is the development of strain and stress heterogeneities inside the grains which are essential for the prediction of the effective behaviour [25] . The stress heterogeneity can be characterized by the stress localization tensor B defined as:
so that B can be interpreted as the ratio between local stress s and average stress in each layer s. The difficulty in any micromechanical approach is to find this localization tensor. Once it is known, local stress and strain can be determined, as well as the effective behaviour of the considered material. Obviously, B depends on the anisotropy of the local behaviour and on the microstructure of the specimen which may be complex. The self-consistent (SC) model is often used to estimate the mechanical properties of materials and also to interpret diffraction data. As for all other mean-field homogenization methods, this model is based on a statistical description of the microstructure of the polycrystalline aggregates. Since the SC model provides the exact response of perfectly disordered microstructures, it is a good candidate for the modelling of polycrystalline materials, combining accuracy and relative simplicity. Complete expressions for the effective stiffness and localization tensors can be found in Brenner et al. [26] for general anisotropic situations. When only the volume fraction of the different grain orientations is known, i.e. no information concerning the geometric arrangement of these phases within the specimen is available then the tightest bounds that can be derived are the Reuss and the Voigt bounds. In this work, the SC model has been used for taking into account of the heterogeneities in the layers accurately.
Effective behaviour of a multilayer
At the multilayered film scale, due to the small thickness of each layer and small grain size compared to the lateral extent of layers, we consider the specimen as an infinite laminate material with homogeneous stiffness C for each layer. Therefore, the effective stiffness C of the whole specimen can be calculated exactly for general anisotropy of the layers [27] :
with s 0 an arbitrary scalar, I the identity tensor, and G a geometrical tensor depending only on the orientation of the specimen surface. 〈:〉 is the average over the whole specimen volume. The knowledge of e e C enables the calculation of the average stresses s and strains ε in each layer and are such that ε 11 ¼ ε 11 , ε 22 ¼ ε 22 , ε 12 ¼ ε 12 , s i3 ¼ s i3 with s ij and ε ij the average stresses and strains at the specimen scale. In this model, the interfaces between layers are assumed to be perfect, that is, infinitesimally thin and are not deformed by shear, and the displacements remain continuous through the interfaces. Fig. 2 shows the calculations (dotted lines) of effective elastic constants for Au/W multilayers as a function of volume fraction of W; single-crystal elastic constants given in Table 1 are used in the model. Obviously, when W ratio (defined as W thickness divided by total thickness) is null, we calculate the elastic constants of a Au single-layer and when W ratio is equal to 1, we calculate the elastic constants of a W single-layer with e C ¼ e e C. Reminding Au is locally elastically anisotropic (Zener anisotropy index ¼ 2.8), the Au layers are macroscopically anisotropic if textured. The actual strong f111g fiber-texture of Au layers or film has been taken into account in the model. This is why the values are different on the c ij -axes of Fig. 2 and e e C 44 ¼ e e C 66 . Since W is stiffer than Au, all the constants increase with the W ratio. The evolution is linear for the "in-plane" elastic constants ( e e C 11 , e e C 12 and e e C 66 ) while it is quadratic for "out-of-plane" ones ( e e C 13 , e e C 33 and e e C 44 ). It should be noted that the differences between e e C 11 and e e C 33 , e e C 12 and e e C 13 , e e C 44 and e e C 66 , are characteristic of elastic anisotropy at the macroscopic scale. Especially, contrary to one might expect at a first sight, the multilayer W/Au (W ratio ¼ 0.5) shows a more pronounced elastic anisotropy than the Au single-layer while W single-layer is intrinsically elastically isotropic. In order to confirm this, Fig. 3 . Three-dimensional surface parametric plot of Young's modulus for (a) {111}-fiber-textured Au film, (b) W/Au multilayer, (c) W film.
Numerical illustration
we have calculated the direction dependent Young's modulus (Fig. 3) in the sample reference frame (S 1 ,S 2 ,S 3 ), as described in Faurie et al. [18] , for three W thickness ratios (0, 0.5 and 1). The sphericity of 3D parametric surfaces is characteristic of macroscopic elastic isotropy, as found for the W single layer (Fig. 3-c) . Moreover, we find that Young's modulus of W/Au multilayer ( Fig. 3-b) is indeed more direction-dependent than the Au single-layer (Fig. 3-a) , as foreseen in Fig. 2. Fig. 4 shows the comparison of the 3 parametric surfaces in the (S 1 ,S 3 ) plane. It is clearly shown that the stiffness of the film increases with the W thickness ratio. Moreover the macroscopic anisotropy already present in the pure Au single-layer is not smoothed by the presence of W in a W/Au multilayer stacking, and it reaches a maximum for thickness ratios around 0.5. This is due to the anisotropic character of the microstructure, i.e. the multilayer stacking design.
Experimental details

Thin film deposition and microstructure
200 nm thick W and 700 nm thick Au single-layers and a W/Au multilayer have been magnetron sputter deposited on Si substrate. The last one was composed of 58 periods (alternatively deposited W sub-layers (6 nm) and Au sub-layers (6 nm)), so that the total thickness was about 700 nm. The thickness of sublayers has been chosen to limit interfacial effects, already observed for smaller periods in similar systems [29, 30] and to have a polycrystalline materials with a truly nanometric grain size (smaller than 6 nm) well below 20e30 nm where grain boundaries activities become dominant, as suggested by numerous molecular dynamics simulations [31e33]. Even elastic constants may change in the nanometric range [34e36] . Noticeably the nanomaterials synthesized by energetic physical vapour deposition process does not contain the different type of defects structure such as the nanocrystalline metals prepared by pulsed electrodeposition or inert gas condensation, e.g. nanovoids, twins, impurities [37e39] . Using x-ray diffraction technique, the Au layers were found to be {111}-fiber textured while the W layers were found to be {110}-fiber textured.
The Brillouin light scattering technique
Measurement of the whole set of constants is usually out of the reach of conventional static techniques, which can give information about directional elastic modulus. On the other hand, the use of acoustic techniques based on surface acoustic waves (SAW) presents technical difficulties connected with the fabrication of the acoustical delay line. In addition, one has to consider that in the frequency range commonly used, the large values of the acoustic wavelength, compared to the film thickness, impose a careful consideration of the effect of the substrate on the propagation of the SAW [40] . During the last twenty years, BLS has proved to be very efficient for achieving a complete elastic characterization of thin films and multilayered structures [41e43]. In a BLS experiment, a monochromatic light beam is used to probe and to reveal acoustic phonons which are naturally present in the medium under investigation. The power spectrum of these phonons is mapped out from frequency analysis of the light scattered within a solid angle. Because of the wave-vector conservation in the phonon-photon interaction, the wavelength of the revealed elastic waves is of the same order of magnitude as that of light. This means that the wavelength is much larger than the interatomic distances, so that the material can be described as a continuum within an effective-medium approach. The BLS spectra were taken in air at room temperature, with typical acquisition times of 1e2 h. Fig. 4 . Two-dimensional surface parametric plot of Young's modulus (in GPa) in a transverse plane of the samples (S 1 ,S 3 ).
The light source was an Arþ laser on a single mode of the 514.5 nm line. 300 mW of p-polarized light was focused on the surface of the sample and the scattered light was analysed by means of a Sandercok-type 3 þ 3 pass tandem Fabry-Perot interferometer. Here, we used the backscattering interaction geometry, so that the value of the wave vector of the probed surface acoustic waves is fixed experimentally to the value Q == ¼ 2ksin(w), where k denotes the optical wave vector in air and w the incidence angle of the light beam.
Results and discussion
For nearly opaque films with thicknesses lower or similar to the acoustic wavelength (300e400 nm), supported by substrates with acoustic phase velocities higher than that of the films (slow film/fast substrate), such as a metallic film on a Silicon substrate, we can only observe (see Fig. 5 ) the surface acoustic waves with a sagittal polarization: the Rayleigh wave (R) and the so-called Sesawa guided waves (S 1 to S n ) the corresponding phase velocities being measured. In the present case, four of the five effective elastic constants, namely e e C 11 , e e C 13 , e e C 33 , and e e C 44 , influence the Rayleigh and Sezawa modes, so that , e e C 13 , e e C 33 , and e e C 44 are estimated from the fitting of experimental.
they can be evaluated by a best-fit procedure of the experimental velocities to the calculated dispersion curves. The fifth elastic constant could be determined from measurements of the phase velocity of shear horizontal modes (Love modes) but are not observed here because of their low scattering efficiency. Fig. 5 shows the BLS spectra for the three samples. The continuous and dotted lines show the experimental and simulated spectra respectively. Actually, since W and Au have very similar mass density (19.3 g/cm 3 ), the difference of surface mode frequencies between the three graphs depends only on the difference in elastic stiffnesses and in the whole thickness of the films. In this study, the singularity of W single-layer spectrum is mainly due to its small thickness as compared to Au single-layer and W/Au multi-layer ones. For all spectra, the adjustment of surface modes allows estimating the 4 elastic constants cited above. The results are reported in Fig. 2 (square and losange symbols) and Table 2 , and are compared to the calculations (dotted lines) already described in section 2.
The agreement between experimental and calculated stiffnesses is good, since the evolution of stiffnesses as a function of W thickness ratio is well described. This observation confirms the specific macroscopic elastic anisotropy induced by the multilayer microstructure, which induces a non-linear evolution of "out-of-plane" elastic stiffnesses, such as e C 13 , e C 33 , and e C 44 . Because of the strong fiber-texture, the elastic anisotropy has to be quantified here for an hexagonal symmetry, i.e. in terms of shear anisotropic index as reviewed recently by Ivanovskii [23] and is given by:
The perfect isotropy is defined at A shear ¼ 1 as it is the case for the Zener anisotropy index defined for cubic materials. The experimental and theoretical values for the three samples are shown in Fig. 6 and Table 2 . The theoretical curve passes through a minimum for a W thickness ratio of approximately 0.4, which corresponds to the highest elastic anisotropy, close to the one of the studied multilayer. The agreement between modelling and experiments is good, for extrema W ratios, i.e. pure W film and pure Au film. Furthermore, one can consider the universal anisotropy index which is defined by Ref. [22] :
with f f C V the stiffness tensor calculated using Voigt model [13] and f f C R the stiffness tensor calculated using Reuss model [12] . As the calculation of A U requires the knowledge of all elastic stiffnesses, it can only be calculated theoretically in the present case. This index cannot be directly compared to the shear anisotropy index (for which perfect isotropy is defined at A U ¼ 0), but the maximum anisotropy is found at the same thickness ratio of the multilayer (about 0.4). Such enhanced anisotropy is expected to appear in laminated structures, which amplitude is determined by the mechanical contrast between phases, and not by the anisotropy of each one.
Conclusion
We have studied both numerically and experimentally the elastic constants of Au and W single-layer and W/Au multilayer. The stiffnesses' evolution predicted by the two-scale transition model has been confirmed experimentally by Brillouin light scattering for the three films. This macroscopic stiffness evolution is either linear or non-linear with the W thickness ratio in W/Au multilayers. Based on the stiffness values, the anisotropy of the three films has been investigated. The multilayer exhibits the more pronounced anisotropy for a W fraction of 40%. This result is related to the macroscopic elastic anisotropy induced by the specific arrangement of sublayers and by the induced elastic field heterogeneities. Especially, it is noteworthy that a W/Au multilayer is found to be more elastically anisotropic than Au singlelayer, even though W is perfectly isotropic. This enhanced anisotropy is expected to be observed in multilaminates with high mechanical constrast between constituents. Moreover, even if the mechanical response of nanometric multilayers is likely to be more influenced by interatomic potentiels and interface energy than by macroscopic mechanical properties, the present results show that a macroscopic two-scale transition model may be utilized to optimise the mechanical anisotropy of truly nanometric multilayers by tuning the component fractions.
